Surface chemical characterization of activated composite membranes, which consist of a polyamide/polysulfone support containing different amounts of di-(2-ethylhexyl) phosphoric acid as carrier, was performed by X-ray photoelectron spectroscopy (XPS) in order to obtain information about the nature of the chemical bonding between the carrier and the membrane top layer. XPS spectra of the top layer of the polymeric support (polyamide) show bands in the C 1s, N 1s, O 1s, and P 2p regions. The N 1s and O 1s signals of the polyamide layer were asymmetric and could be deconvoluted in two peaks that correspond to the coexistence of free and hydrogen bonded polyamide. To support this assignment, primary amides such as benzamide and n-butyramide, which can associate themselves forming hydrogen bonding, and a tertiary amide, Nbenzoyl morpholine, unable to form hydrogen bonding, were also studied by XPS. The N 1s asymmetric signals of benzamide and nbutyramide were deconvoluted in two peaks due to the coexistence of free and hydrogen bonded species, while the N 1s signal of Nbenzoyl morpholine is symmetric and corresponds to the existence of free amide alone. As a result of the addition of di-(2-ethylhexyl) phosphoric acid to the polymeric matrix, the N 1s signal intensities decrease, while the P 2 p signal intensities increase with carrier concentration to a maximum corresponding to surface site saturation. Upon acid addition, the polyamide was protonated and an expected chemical shift of the N 1s signal to higher binding energies was observed due to the increase of the positive charge of the nitrogen atom. This type of chemical interaction allows to fix the carrier in the membrane without its complete immobilization. On the other hand, the surface concentration of N and P, determined by XPS, indicates that a concentration of 400 mM of the carrier in the casting solution is sufficient to saturate the surface of the membrane. C 2000 Academic Press
INTRODUCTION
Supported liquid membranes (SLMs) are a promising alternative to liquid-liquid extraction and other separation techniques 1 To whom correspondence should be addressed. E-mail: castellon@uma.es. also based on membranes due to their high selectivity removing ions or neutral molecules from solutions. SLMs usually consist of an organic solvent, immobilized in the pores of a hydrophobic support, which contains a carrier able to link very selectively to one of the components in the feed solution if a proper complex agent is chosen as the carrier. Since in SLM transport takes place in a liquid, fluxes can be higher than those obtained with "solid" membranes because diffusion in liquid is, in general, orders of magnitude higher than in solid material (1) . SLMs are no longer used in industrial processes due to the lack of stability and short lifetime of these membranes. The instability of SLMs comes from the loss of carrier and membrane solvent from the membrane phase, which can influence both membrane flux and selectivity (2, 3) . Assuming that the main causes for SLM instability are the solubility of the liquid membrane components or its emulsification in the adjacent aqueous phases, different approaches to improving SLMs stability have been suggested, such as reimpregnation of the support (4), sandwiching of SLMs (5) , or gelation of the liquid membrane phase (6) . Lately, Kemperman et al. (7) have optimized supported liquid membranes by covering the impregnated support with a thin polyamide layer. An alternative type of SLM, activated composite membranes (ACMs) containing different carriers for cation transport, have been developed by Oleinikova et al. (8) ; these membranes show high stability and metal permeation rates. In previous papers (9, 10) , the characterization of two new sets of ACMs obtained by the incorporation of different concentrations of di-(2-ethylhexyl) phosphoric acid and di-(2-ethylhexyl) dithiophosphoric acid as carriers have been carried out. Different destructive and nondestructive techniques such as inductively coupled plasma spectroscopy, chemical analysis by energy dispersive X-ray spectroscopy, or electrochemical impedance spectroscopy have been used for electrical and structural characterizations of ACMs. However, a systematic analysis on the nature of interactions between carrier and polymeric top layers have not been carried out yet, although this point must be directly related to the selectivity or transport properties of activated composite membranes. This fact is the main aim of this study. X-ray photoelectron spectroscopy (XPS) is a widely used technique for surface chemical characterization of different kinds of materials and, due to its high surface sensitivity, it is commonly used in material systems with a high surface/bulk ratio, such as thin layers or colloidal particles (11) (12) (13) (14) . Lately, it has also been used to study the surface of modified membranes (15, 16) , and it can be useful for the characterization of polyamide-carrier interactions since this technique can also distinguish between different chemical states.
In this paper, surface chemical characterization of a set of ACMs containing different amounts of di-2-(ethylhexyl) phosphoric acid (DEHPA) as carrier was made by means of XPS. For comparison, the polymeric porous support (a polyamide/polysulfone membrane or PPS), a sodium salt of the carrier (NaDEHP), and different amides, primary (benzamide and n-butyramide) and N ,N -disubstituted (N-benzoyl morpholine), were also studied. These results make it possible to determine if the carrier is free or anchored to the polymeric support and, in the latter case, the type of bonding between them. The analysis of XPS data allows: (i) the determination of the atomic concentration percentage of the membrane characteristic elements and (ii) the assignation of the binding energies of the different elements present in the activated membranes as well as possible changes in the chemical bonding of the carrier due to possible interactions with the polymeric phase. Since the different membrane samples were prepared by using casting solutions with different DEHPA concentrations (9), XPS results also provide information to correlate the DEHPA content in the casting solution and in the membrane surface, which can be useful for optimization of activated membranes. On the other hand, information about the chemical interaction and polymeric top layers (membrane-solution interface) could explain the improvement of transport properties of ACMs.
MATERIALS AND METHODS

A. Materials
ACMs were prepared as described elsewhere (9) . Polysulfone membranes, obtained from Udel P-35000 PS (Union Carbide), were maintained on a nonwoven support (Hollytex 3329, France) using the phase inversion technique (17) . An aqueous solution of 1,3-phenylenediamine was mixed with a n-hexane solution of DEHPA, which was added to the PPS membrane. The excess solution was washed off the surface of the membrane with water. Finally, the activated membranes were dried at 60
• C for 10 min. Thin polyamide top layers containing DEHPA of different concentrations (0, 100, 200, 400, 700, 1000, and 2000 mM) were obtained by interfacial polymerization (18) , and the so-prepared membranes were hereinafter labeled PPS, ACM-1, ACM-2, ACM-4, ACM-7, ACM-10, and ACM20, respectively. The sodium salt of DEHPA was obtained by dissolving DEHPA in a sodium hydroxide aqueous solution followed by crystallization of NaDEHP, which was also studied by XPS.
N -benzoyl morpholine was synthesized as follows: to a solution of benzoyl chloride (500 mmol) in CHCl 3 (25 mL), a solution of morpholine (50 mmol) in CHCl 3 (25 mL) was added at 0
• C. The reaction mixture was stirred at room for 2 h and washed sequentially with 1 M NaOH, 1 M HCl, and water. The organic solution was dried over anhydrous MgSO 4 and concentrated in vacuum. The resulting solid was purified by crystallization from Et 2 O (mp 74
• C (lit (19) 74-75 • C)). Benzamide, n-butyramide, and other chemicals used in this work were of reagent grade quality.
B. Characterization of the Membranes
Bulk DEHPA content in the membranes was determined, after ethanol extraction of the carrier from the activated membranes, by analyzing P concentration by the inductively coupled plasma spectroscopy (ICP) using an ARL Model 3410 apparatus, and good correlation between carrier concentration in the membrane and the casting solution was obtained, as was previously reported (9) . X-ray microanalysis was carried out with a JSM-6300 scanning electron microscope supplied with an energy-dispersive-X-ray spectrometer OXFORD, as was also described (9) . The distribution of DEHPA across the membrane was determined by scanning a cross section of freshly prepared membranes using X-ray microanalysis of phosphorous. Figure 1 shows the P distribution along the membrane thickness (δ) for the polyamide/polysulfone support (PPS) and two activated membrane samples with different contents of DEHPA (ACM-2 and ACM-7). The zero point on the abscissa axis corresponds to the nonwoven support, while at ∼80 µm the polysulfone porous support begins. The carrier is concentrated in the polyamide layer and in the upper part of the polysulfone support as can be seen in Fig. 1 . In summary, DEHPA molecules are trapped not only in the polyamide matrix, since they also diffuse into the pores of the polysulfone support (9).
FIG. 1.
Distribution of phosphorous along the membrane thickness for different samples.
C. XPS Measurements
X-ray photoelectron spectra were obtained using a Physical Electronics PHI 5700 spectrometer with a nonmonochromatic MgK α radiation (300 W, 15 kV, 1253.6 eV) as an excitation source at an angle of 9
• relative to the membrane surface normal. High-resolution spectra were recorded at 45
• takeoff angle by a concentric hemispherical energy electron analyzer operating in the constant pass energy mode at 29.35 eV, using a 720-µm-diameter analysis area. Under these conditions the Au 4 f 7/2 line was recorded with 1.16 eV FWHM at a binding energy of 84.0 eV. The spectrometer energy scale was calibrated using Cu 2 p 3/2 , Ag 3d 5/2 , and Au 4 f 7/2 photoelectron lines at 932.7, 368.3, and 84.0 eV, respectively. Charge referencing was done against adventitious hydrocarbon (C 1s 284.8 eV (20)). Membranes and samples were mounted on a sample holder without adhesive tape and kept overnight at high vacuum in the preparation chamber before they were transferred to the analysis chamber of the spectrometer for analysis. Each spectral region was scanned several sweeps up to a good signal to noise ratio was observed. The multiregion spectrum was recorded three times with different samples from the same membrane, which makes it possible to determine average values and the error interval for results obtained from experimental data. Survey spectra in the range 0-1200 eV were recorded at 187.85 eV of pass energy. Membranes were irradiated separately and for a maximum time of 20 min to minimize X-ray-induced sample damage. The pressure in the analysis chamber was maintained lower than 5 × 10 −6 Pa. PHI ACCESS ESCA-V6.0 F software package was used for acquisition and data analysis. A Shirley-type background was subtracted from the signals. Recorded spectra were always fitted using the methodology described in detail elsewhere (21), in order to determinate more accurately the binding energy (BE) of the different element core levels. The differences in the main peak positions among the three experiments performed were always ≤0.1 eV. Gauss-Lorentz curves (maximum 20% Lorentz) were used. The FWHM values varied from 2.2 to 1.6 eV, depending on the sample and the photoelectron line. The spectra of O 1s and N 1s were fitted into two or more peaks to obtain a good fit of the spectra (Goodness of fit (21) lower than 2). Atomic concentration percentages of C, O, N, and P of activated membranes and the other samples were determined taking into account the corresponding area sensitivity factor (20) for the different measured spectral regions. The absolute errors in atomic concentration (%) varied from 0.2 to 1.0% for carbon, 0.2 to 2.0% for oxygen, 0.1 to 2.0% for nitrogen, and 0.1 to 0.6% for phosphorous. For scaling reasons, the intensity of each spectrum was normalized at its maximum value in the XPS figures.
RESULTS AND DISCUSSION
XPS is a widely used characterization technique, which allows relatively straightforward analysis of high surface sensitivity of materials, and can also give chemical information including oxi- dation and structural state. However, due to the structure and surface morphology of the polymeric membranes, the depth probed by the XPS experiment on the membranes must be briefly considered before discussing the atomic percentage determined by XPS. At an analysis takeoff angle θ = 45
• , the 95% of the emitted electrons comes from an escape depth d ≤ 3λ e sin θ = 6 nm, considering a value for the mean free path (λ e ) of the C 1s electrons in polyamide of 3.2 nm (22) . So for the chemical information obtained through the XPS analysis derives from near surface of the top layer of the composed membranes, this means the polyamide layer, even taking into account the possible roughness of the membrane surface. Figure 2 shows the survey spectra of PPS, ACM-2, and ACM-7. The presence of polyamide and carrier characteristic elements can be observed. Other elements, such as Cl, Ca, . . . , which are attributed to surface impurities, are also presented in a very low concentration (<1%). The core level photoelectron signals for these elements are hardly visible in the survey spectra and they were not considered for atomic concentration (%) calculation. The nature and the concentration of these impurities vary for the different spectra recorded in different places of the same sample, which is due to the chemical heterogeneity of the membrane samples. For this reason, several spectra were recorded for each sample as was previously indicated. It may be also important to indicate the complexity of the systems under study, mainly due to the presence of almost the same chemical elements in both membrane and carrier, and the number of elements to be studied. Table 1 shows the atomic concentration percentages of C, O, N, and P of the different samples. These values have been calculated as the average of at least three different measurements, and the error is its standard deviation. The N 1s and P 2p signals were used to determine the extent of DEHPA covering on the polymeric matrix of the activated membranes. The percentages of Na is missing for obtained 100% AC (%Na = 3.9 ± 0.5).
It is well known that amides have a marked tendency to associate with themselves due to their dipolar character. The three types of self-association which are fairly well documented are hydrogen bond dimers, hydrogen bonded polymers, and dipoledipole dimers. The first two apply only to primary and secondary amides and are a consequence of their acid-base properties, whereas the third one may be possibly restricted to tertiary amides, where hydrogen bonding is not possible. The N 1s region of the PPS membrane (see Fig. 3 ) shows an asymmetric band composed of three peaks at 398.5, 399.4, and 400.7 eV. The latter peaks correspond to the presence of two types of nitrogen atoms belonging to polyamide. These two nitrogen types can be attributed to the existence of free surface polyamide and surface polyamide molecules bonded by intermolecular hydrogen bonds. The former peak at 398.5 eV, which shows a low intensity, has been assigned to the existence of terminal amino groups (23) .
The N 1s peak at lower binding energy (399.4 eV) and with a higher peak area percentage (71 ± 5%) corresponds to the free nitrogen and the peak at higher binding energy (400.7 eV), with a peak area percentage of 20 ± 3%, may be assigned to hydrogen bonded nitrogen. To support this point, primary and N ,Ndisubstituted amides have also been studied by XPS. The former can present nitrogen atoms involved in hydrogen bonding, while the latter cannot do it. N -benzoyl morpholine, a tertiary amide, belongs to this last group and its N 1s band is symmetric with a maximum 400.1 eV (Fig. 4) . However, benzamide and n-butyramide, primary amides, can form hydrogen bonding through the amide nitrogen and their electron core level N 1s signals are clearly asymmetric and composed of two peaks at 399.9 and 402.0 eV in the case of benzamide and at 400.1 and 401.4 eV with n-butyramide (see Fig. 4 ). Similar asymmetric N 1s signals were observed with other primary amides such as hydrolyzed polyacrylamide (24) . The chemical shift to higher values of the binding energy, assigned to the hydrogen bonded associations, is explained since an increase in the positive charge of the nitrogen atom is produced. For the same reason, a decrease of the negative charge of the oxygen atom will also happen.
As expected, taking into account the previous argumentation, the O 1s band of the PPS membrane is also asymmetric and composed at least of three peaks at 530.9, 532.2, and 533.6 eV (Fig. 5) . The peak at high binding energy corresponds to the hydrogen bonded oxygen, and the second one at 532.2 eV is assigned to the amide oxygen (25) , which is not involved in hydrogen bonding. Interestingly, the atomic concentrations calculated from the area percentage values of each peak is more or less similar to the atomic concentration percentages of hydrogen bonded polyamide and free polyamide observed for the corresponding N 1s peaks (see Tables 1 and 2 ). The peak at 530.9 eV was attributed to impurities. The polyamide of the PPS membrane covers the polysulfone polymer and as expected no surface sulfur was detected by XPS as can be seen in the survey spectrum of the PPS membrane (Fig. 2) . So, the possible contribution of the polysulfone oxygen to the O 1s signal was ruled out.
In DEHPA activated membranes, the intensity of the signals corresponding to P 2s and P 2p core electrons increased as observed in the survey spectra (Fig. 2) . With increasing DEHPA contents, %P increases up to an almost constant value of 4.3% and a P/O atomic ratio of 0.24 (see Table 1 ). This P/O ratio is not so far from that observed with NaDEHP (0.268) and is near to the theoretical value of 0.25. These similar values may indicate that the top surface of activated membranes with high carrier contents is saturated with DEHPA. On the other hand, the peak area of the N 1s signal, corresponding to the polyamide, decreases as DEHPA content increases (Table 1) . In a similar way, the N 1s peak area was also used to follow the levels of surface covering. In effect, the %N of the membranes decreases from 11 ± 1% for the PPS membrane up to 0.8 ± 0.1% for the ACM-20 membrane. This low %N value indicates that the polyamide top layer is almost completely covered by the carrier. As observed with the surface %P, an almost constant low value of %N was obtained for activated membranes in the range ACM-4 to ACM-20. Figure 6 summarizes these results and shows %P and %N coverage on the membrane surface with increasing carrier
concentrations. An almost constant %P and %N are attained in membrane ACM-4, following O/C and P/O atomic ratios the same trend (see Table 1 ). These results indicate that surface saturation with the carrier is obtained with an initial concentration of DEHPA 400 mM in the casting solution (membrane ACM-4), where the O/C and P/O atomic ratios are 0.230 and 0.215, respectively. These results suggest that XPS could be used to monitor the surface covering.
The N 1s Signal of Activated Composite Membranes
With increasing DEHPA contents in the membrane, three features of the N 1s signal change: (i) the intensity of the N 1s signal decreases with the DEHPA content; (ii) the binding energies of the maxima at 399.4 and 400.7 eV for PPS shift to higher energies, 399.7 and 401.1 eV, respectively, for sample ACM-4, and these binding energies remain constants up to ACM-20 (see Fig. 3 and Table 2 N 1s signal for nonforming hydrogen bonding polyamide nitrogen is almost constant (≈75%) from PPS to ACM-7, and it clearly decreases to 63 ± 9 and 49 ± 9% for ACM-10 and ACM-20, respectively. This decrease is poorly defined due to the low intensity of the N 1s signals. The decrease of the N 1s signal intensity with increasing DEHPA content is due to the covering effect of DEHPA on the polyamide surface. The N 1s binding energy shift to higher energies is due to the protonation of the amide group of the polyamide upon reaction with the acid carrier. A correlation between the increase in the binding energy of a core electron and the increase in the positive charge induced by chemical reactions has been described in the literature (26) . The protonation produces an increase of the positive charge on the nitrogen atom provoking 
The O 1s Signal of Activated Composite Membranes
Before studying the evolution of the O 1s signal of the activated composite membranes, it is necessary to know the O 1s XPS spectrum of the NaDEHP. This gelatinous solid salt was selected because the liquid nature of the pure acid carrier. The DEHP − ion has the following structure, where oxygen atoms superscripts are used to distinguish between different oxygen atoms. SCHEME 1 Figure 7 shows the O 1s spectrum of NaDEHP, and the parameters of the curve fitting (binding energies in eV and peak area percentages) are listed in Figure 5 shows the O 1s XPS spectra of the PPS membrane and the activated composite membranes, and Table 2 lists the binding energy values and the peak area percentages. The analysis of these spectra is very complex because there are many types of oxygen atoms contributing to the O 1s signal. There are at least two types of oxygen atoms from the polyamide support, as explained above, two types of oxygen atoms from the carrier ionically bonded to the protonated polyamide, two types of oxygen atoms from the free acid carrier, and three types of oxygen atoms from the dimeric hydrogen bonded carrier (see Scheme 2) . All of these oxygen atoms exhibit binding energies close to two values since in the experimental spectra only two peaks are clearly distinguished, and so, in the curve fit analysis, the O 1s spectra were decomposed only in two peaks. The binding energies of these fitted peaks increase gradually from 531.1 and 532.7 eV in ACM-1 to 531.4. and 533.0 eV in ACM-4. These shifts are probably due to relative intensity changes among the different types of oxygen atoms. On the other hand, at high DEHPA content, the contribution from the polyamide oxygen atoms can be clearly neglected, and the interpretation of the O 1s core level signal is simplified considering only the coexistence of free acid DEHPA molecules and hydrogen bonded DEHPA molecules (see Scheme 2). For SCHEME 2 ACM-4 to ACM-20, the observed area percentages support the simultaneous presence of free acid, where the oxygen bonded to the proton have a binding energy of the O 1s core electron similar to those of O a and O b (theoretical area percentages of 75 and 25%), and hydrogen-bonded DEHPA molecules, where the calculated area percentages are 50 and 50%. Thus, average percentages of 67 and 33% result.
The P 2 p Signal of Activated Composite Membranes
The NaDEHP P 2 p spectrum shows a band only at 133.1 eV, in agreement with the values assigned in the literature (20) for similar sodium phosphates with a resonant double bonding P-O. The binding energy of the P 2 p 3/2 line in activated membranes increases from 133.4 eV in membrane ACM-1 up to 134.0 eV in membranes ACM-7, ACM-10, and ACM-20 (see Fig. 8 and Table 2 ). At low carrier concentration, almost all DEHPA molecules are ionically bonded to the polyamide, and the binding energy of the P 2 p 3/2 line is very near to that observed in the NaDEHP salt. The observed positive chemical shift of about 0.5-0.6 eV is due to the presence of the free acid carrier or hydrogen bonded carrier, where P has a lower electronic density.
SUMMARY
Surface chemical characterization of activated membranes by XPS provided useful information about: (i) the concentration of carrier able to saturate the polymeric network and (ii) the type of interaction between the carrier and the polymeric support.
The surface concentrations of N and P determined by XPS indicate that a DEHPA concentration of 400 mM in the casting solution is sufficient to saturate the surface of the polyamide top layer.
XPS technique permits the observation of the existence of two types of nitrogen atoms corresponding to free and hydrogen bonded amides. The analysis of the N 1s and O 1s signals of the polyamide top layer of the polymeric support (PPS) reveals the existence of free and associated by hydrogen bonding polyamide. The addition of DEHPA provokes a protonation of the polyamide layer shifting the N 1s signal to higher binding energies as expected and being an ionic interaction between the carrier and the protonated polyamide. The P 2 p binding energy in membranes with low DEHPA content is close to the corresponding value obtained in NaDEHP, which confirm this ionic interaction. This result could explain the high permeation rate of metal obtained studying transport properties with this type of membranes.
